Abstract: Power transformers inevitably experience impulse over-voltage stresses such as from lightning and/or switching events despite various protection systems that may be in place. At locations along oil/pressboard interfaces in the transformer, surface discharges may initiate due to various reasons. The surface discharges may or may not eventually lead to voltage flashover faults. This paper presents a study of how relatively small surface discharges affect the lightning voltage impulse (LI) strength of oil-impregnated pressboard insulation. It is found that surface discharges of magnitudes in the order of some hundreds of pC can reduce the LI withstand voltage of the oilimpregnated pressboard by up to 15%. Although the negative polarity LI withstand voltage of surface discharge-aged pressboard is higher than that of positive polarity, the reduction in the LI voltage strength is more pronounced for the negative LI impulse voltage. The findings suggest further scrutiny of the standardised acceptable levels of PD in power transformers.
INTRODUCTION
Partial discharge (PD) is a phenomenon that is now widely acknowledged as both a symptom and agent of electrical insulation degradation [1] . In power transformers there are still some aspects of PD that are yet not well understood. As an example precise location of PD sources in power transformers is still a major challenge [2] although some successes have been reported in using the unconventional PD detection techniques such as ultra-high frequency (UHF) and acoustic methods [3] [4] [5] [6] [7] [8] .
A considerable body of knowledge of partial discharges in power transformers has been built up in the literature. However, PD location and knowledge of the minimum PD apparent charge magnitude above which the PD activity is considered dangerous still beg research attention. In power transformers PD measurements are commonly conducted in accordance with the IEC 60076-3 [9] . In the latest edition of the standard, IEC 60076-3 (2013) [10] , the maximum acceptable PD magnitude has been reduced to 250 pC, while previously it was 500 pC. It is well known that the PD magnitude can be used to classify the defect causing PD in the transformer insulation system [1] [2] [3] . Surface discharges in power transformers are regarded as deleterious because once initiated they may progress to complete failure over time under normal operating voltage. The minimum magnitude of surface discharge that is deemed dangerous is still a subject of further research. This paper presents results of an experimental study on how pre-exposure of oil-impregnated pressboard to surface discharges of an average magnitude below 500 pC affects the lightning impulse (LI) withstand voltage of the pressboard.
The next section gives a bird's eye view of the state of the art on how partial discharges affect the lightning withstand parameter of pressboard insulation. The experimental investigation is presented in section 3 which comprises of pressboard samples preparation, PD measurements, surface PD ageing procedure and the LI voltage withstand tests of the pressboard samples. The results are in section 4 and conclusion in section 5.
PD AND LI BREAKDOWN OF OIL-IMPREGNATED PRESSBOARD: A STATE OF THE ART REVIEW
Research work by Okabe et al, [11, 12] , is a notable contribution to the knowledge on the relationship between PD and lightning impulse voltage breakdown of oil-impregnated pressboard. In [11] , it is deduced that PD magnitude of at least 10 000 pC is harmful as it reduces the residual LI voltage withstand level of oil-impregnated pressboard insulation. The defect type studied comprised of a speck of a conducting solid material sandwiched between pressboard insulation.
The phenomenon of surface discharges on oilimpregnated pressboard has been extensively studied by many researchers with the objective of understanding the physical mechanisms [13] [14] [15] [16] [17] . A significant body of knowledge in that regard has been built up and a good state of the art review is in [13] . Surface discharges are understood to eventually lead to voltage flashover as they evolve through tracking (creepage) across the surface of the solid insulation. A lot of focus has been on how surface discharges cause complete insulation failure directly or in synergy with other various insulation ageing agents such as moisture [13] . There is however little literature on surface discharges and their possible influences on the LI withstand voltage of pressboard insulation in power transformers that specifically focus on the discharge magnitude.
Lightning and switching impulse endurance is an important design and performance parameter of power transformers. Colla et al [18] reported the degrading effect of repetitive switching impulses on oil-impregnated insulation in power transformer bushings. The insulation degradation was manifested by specific behavioural trends of the resulting partial discharge activity. As presented in detail in the rest of the paper, virgin samples of pressboard were dried under vacuum and then impregnated with dry mineral transformer oil. The samples were then exposed to surface discharges after which the lightning breakdown voltage was determined in comparison with control samples that had not been exposed to surface discharges. A conclusion was then drawn from the analysed test results.
THE EXPERIMENTAL PROCEDURE

Sample preparation and preconditioning
Controlled experimental studies on oil-impregnated pressboard typically entail preconditioning the pressboard material to ensure carefully controlled moisture levels and the degree of oil-impregnation. In the present work, the test samples' preconditioning processes were conducted at a power transformer manufacturing factory; Powertech Transformers Pty (Ltd), in South Africa. The pressboard sheets were 3 mm thick and each cut into square pieces of 100 mm x 100 mm. The pressboard samples were preconditioned and impregnated with oil in accordance with the IEC 60243-1 standard [23] . The samples were pre-dried in hot circulating air at 105 °C for 24 hours and then bathed in dry oil for 3 hours. The samples were then subjected to a vacuum-oven drying cycle in an autoclave at 130 °C for 48 hours. The oil impregnation was through emersion in dry oil under vacuum for a further 3 hours. The moisture content in the preconditioned pressboard was measured to be about 1,5%. The preconditioned samples were kept in an air tight container ready for the next stage of the experiment.
Electrode setup and partial discharge measurements
In order to expose the oil-impregnated pressboard test samples to surface discharges, a needle at an acute angle to plane electrode arrangement was used as shown in Figure 1 , a setup devised by Mitchinson et al [16] . The resultant surface discharges were a function of the needle tip radius, insulation gap distance and the voltage across the insulation gap. For the needle tip radius of 0,117 mm used in this study, iterative tests were performed to determine the optimal gap setting and voltage magnitude that would produce sustained surface discharges for a sufficiently long period without flashover or puncture of the pressboard [24] . An electrode gap (d) of 45 mm and voltage of 30 kV rms at 50 Hz were determined to be optimal for surface discharge ageing of the oilimpregnated pressboard.
Partial discharges on the pressboard were measured using a narrowband detection setup in accordance with the IEC 60270 standard [25] as shown in Figure 1 . The PD measurement system was of the Power Diagnostics ICMCompact™ type. The setup was calibrated by injecting 10 pC from a calibrator connected across the test object. The experimental measurements were conducted in a shielded high voltage laboratory environment with an average noise level of 0,3 pC. The PD inception voltage (PDIV) was determined by slowly increasing the test voltage in steps of 1 kV until partial discharges above the noise threshold were detected. PD phase resolved patterns were recorded for 1 minute at the selected voltage level of 30 kV rms . A typical PD phase-resolved-pattern recorded for the discharges on the pressboard is as shown in Figure 2 . It is evident that the PD pattern manifests two sources of PD activity as labelled on the figure. The higher magnitude clusters in both half cycles (in the order of nC) are from the needle tip while the relatively smaller magnitude cluster (in the order of hundreds on pC) are those from the surface discharges along the tracks on the pressboard surface. The discharge distributions extend from the zero crossings into the first and third quarter regions which is typical for surface discharge pattern [16, 26] . In the absence of the pressboard, the epochs would have been concentrated around the voltage peaks as reported by Pompili et al [27] . It is also notable in Figure 2 that the average magnitudes of the surface discharges were below 500 pC.
The variations of the PD inception voltage (PDIV) and gap breakdown voltage of the oil/pressboard interface as a function of gap distance is shown in Figure 3 . Below 25 mm, the gap broke down without prior PD inception. Beyond 25 mm the gap breakdown voltage increased linearly with increase in the gap size while the PDIV was statistically invariant. The manner in which the PDIV and electrode gap distance vary as a function of the electrode gap distance on the oil/pressboard interface is a characteristic of interest that has been investigated by many researchers. Dai et al [15] investigated the effect of moisture on the surface discharges on oil-impregnated pressboard using the same electrode setup as in Figure 1 . The reported behavior of the PDIV and gap flashover voltage as a function of the gap distance was similar to that obtained in the present work given in Figure 3 . It was also reported that for a given gap distance, the breakdown voltage of the oil gap was the same as that of the oil/pressboard interface which lead to a conclusion that if the pressboard surface is dry and clean, the presence of the pressboard does not influence the breakdown voltage of the oil gap. Furthermore in their work, it was found that in wet oil, the gap breakdown voltage was lower as an indication of the undesirable effect of moisture in transformer insulation [15] .
Lv et al [28] investigated the effect of nanoparticles on creeping flashover characteristics on the oil/pressboard interface and reported the same behavioural trend as that of Figure 3 . Most importantly they noted a significant shift in the PDIV and gap breakdown plots showing that the presence of the nanoparticle fillers in insulation oil increases the PDIV as well as the gap flashover voltage.
It can be suggested that the plots of gap flashover voltage and PDIV as a function of electrode gap distance for a needle-plane electrode setup on an oil/pressboard interface, typically give the same trends although the absolute values of the data points may vary slightly. The plots can therefore be suggested to be a conventional way of verifying the validity of test results obtained through similar experimental methodologies, and this is in agreement with Mitchnson et al [13] .
It is also notable that in Figure 3 the PDIV is quasiconstant as the electrode gap increases. This is attributable to the fact that the partial discharges are initiated around the enhanced stress on the needle tip which, for relatively larger gaps, changes little as the gap increases. The maximum electric field (E max ) on the needle tip in a point-plane configuration can be analytically calculated using Equation (1) [29] .
Where:
is the voltage across the insulation gap, is the needle tip radius, is the gap between the needle tip and the plane electrode.
At 30 kV and electrode gap distance of 45 mm, the maximum electric field on the needle tip is calculated to be 69.8 kV/mm using (1). Corresponding simulations in finite element method (FEM) field plot (as shown in Figure 4) give a value of 68 kV/mm which is practically the same as that determined analytically. 
Surface discharge ageing of the oil-impregnated pressboard samples.
In order to simultaneously subject multiple samples of pressboard surface discharge to ageing at 30 kV rms , the test sample setup in Figure 1 was duplicated to form an array of multi samples arranged in a transparent Perspex oil-filled tank as illustrated in Figure 5 . To ensure that surface discharges occurred only on the desired regions of the test samples, copper tubes were used for the high voltage supply as well as for the grounded electrode. All needle connections to the high voltage supply were dimensioned to be free from corona at 30 kV rms . The tank was covered with a Perspex transparent lid to limit ingress of moisture into the oil from the atmosphere and also enable visual inspection of the samples during the surface discharge ageing process.
One set of 12 of the oil-impregnated pressboard test samples was continuously exposed to surface discharges for a period of 3 hours after which they were removed and immediately subjected to the lightning voltage breakdown tests. Another set of 12 samples was exposed to surface discharges for a longer period of 7 hours after which they were also tested for lightning breakdown voltage.
Surface discharges on the oil-impregnated pressboard created tree shaped white tracks on the pressboard surface radiating from the needle tip and with time, extended towards the grounded electrode. An example is shown in Figure 6 for one of the samples exposed to 3 hours of surface discharge ageing. The white tree-shaped tracks are attributed to migration of oil and moisture out of the inter-fibre micro spaces on the pressboard surface layer under the influence of intense localized PD energy bombardment. The affected regions of the pressboard become effectively non-impregnated. Further stress enhancement ensues in the gas-filled microstructures and a runaway degradation process is initiated.
With prolonged PD activity, the white dendrite tracks turned into carbon tracks (black colour) as shown in Figure 7 due to physiochemical changes to the molecular matrix as PD energy continued to be injected. 
Lightning impulse breakdown voltage tests of the surface-discharge-aged pressboard
The multilevel test method of breakdown tests was used in assessing the influence of surface discharges on the LI impulse voltage strength of oil-impregnated pressboard. The types of electrodes used are as shown in Figure 8 in accordance with IEC 60243-3 standard [30] and were immersed in oil during the breakdown tests to avoid spurious flashovers. The test voltage was a 1.3/54 µs lightning impulse from a multistage stage Marx generator.
The multilevel method of breakdown voltage test entails estimating the starting voltage magnitude, which should be 70% of the expected breakdown voltage for negative polarity and 60% for positive polarity. The voltage was incremented in steps and 3 shots applied at each voltage level. The sequence was repeated until breakdown. A 1-minute interval was allowed between successive shots to avoid the influence of space charge that would have been generated in the previous shot.
For the 3 mm thick pressboard samples used in this work and using the Equation (2) [31], the expected negative polarity lightning impulse breakdown voltage would be 223 kV. 
Where; is the insulation thickness and is the maximum breakdown strength of the insulation.
The starting voltage in the multilevel voltage test procedure was therefore chosen as 156 kV for the negative polarity impulses and 134 kV for the positive impulses. For each of the impulse voltage polarities, 3 sets of oil-impregnated pressboard samples were tested as follows:  9 samples of unaged pressboard as a control set,  6 samples of the 3-hour surface discharge aged,  6 samples of the 7-hour surface discharge aged.
The test results, analysis and discussion are presented in the next section. 
RESULTS, ANALYSIS AND DISCUSSION
The lightning breakdown voltage test results of the aged and unaged oil-impregnated pressboard for positive and negative and polarity voltages are given in Tables 1 and 2 respectively. Figures 9 and 10 are the corresponding box plots presentations of the changes in the lightning breakdown voltage of the pressboard due to exposure to surface discharges. It is notable that exposure of oilimpregnated pressboard to surface discharges lowers the lightning breakdown voltage of the pressboard by about 15% for the negative polarity voltage and 4% for the positive polarity. These findings are consistent with similar results by Okabe et al [11] who concluded that the impulse voltage insulation strength of pressboard was reduced by about 30 % due to the exposure of the pressboard to partial discharges of at least 50 000 pC. They went on to conclude that the minimum harmful level of partial discharges in power transformers could be regarded as 10 000 pC, a magnitude 20 times bigger than the PD magnitudes measured in the present work.
The question of what surface PD magnitude is significant in reducing the LI impulse strength of oil impregnated pressboard is therefore not yet fully addressed.
As expected, the negative polarity lightning breakdown voltage was higher than that of the positive polarity. The difference is attributed to the classical theory of electrical breakdown mechanisms [32] as illustrated in Figure 11 . Under positive polarity, electrons are attracted towards the anode and in the process cause ionization avalanches in the insulation medium. Each ionization avalanche event creates an anvil shaped 'cloud' of relatively slow moving positive ions with the broader end of the cloud facing the anode as shown in Figure 11a . Consequently the space-charge-distorted electric field around the avalanche head is greatly enhanced and making it relatively easier than in the negative polarity case for the ionization avalanches (streamers) to advance further into the insulation. In the negative polarity case, the orientation of the positive ion clouds is opposite to that of the positive polarity as shown in Figure 11b . The resultant space-charge-modified electric field on the avalanche head is not as greatly enhanced as in the positive polarity case. Consequently it requires higher negative polarity voltage to create the same breakdown effect as the positive polarity. This is consistent with the results obtained in the present work. It is also noticeable that the difference in the lightning breakdown voltage values of unaged and aged samples is much greater for the negative polarity (15%) than in the case of positive polarity (4%). Comparison of trends in Figures 9 and 10 show remarkable differences between positive and negative polarities in the extent to which the surface discharges change the lightning impulse breakdown voltage of the oil-impregnated pressboard. At this stage there is no available explanation of the difference in the effect of surface discharges being more pronounced with negative polarity than positive polarity LI voltages, and this may be a subject of future studies.
It is a common practice to use Weibull analysis techniques in the analysis of electrical breakdown tests results [33] . In that regard Figure 12 further illustrates the marked difference between negative polarity and positive breakdown voltages.
In Figure 13 the Weibull plot for the negative polarity case gives clearer visual impression of the extent to which lightning breakdown voltage of oil-impregnated pressboard is reduced by exposure to surface discharges. 
CONCLUSION
Surface discharge of magnitude in the order of some hundreds of pC reduces the lightning impulse breakdown strength of oil-impregnated pressboard in power transformers. Although the negative polarity LI withstand voltage of surface discharge-aged pressboard is higher than that of positive polarity, the reduction in the LI voltage strength is more pronounced for the negative LI impulse voltage. The findings suggest further scrutiny of standardised acceptable magnitudes of partial discharges in power transformers. 
